Relative to extensive studies of interactions between the quasi 2-day wave and tides, nonlinear interaction of the 16-day wave with tides was reported less, in particular interaction with the diurnal tide. We present an observational study of a possible nonlinear interaction event between the 16-day wave and the diurnal tide based on meteor radar measurement at Maui. An obvious 16-day wave can be observed from raw wind data. Its maximum meridional wind amplitude can attain 18.0 m s −1 at a height of 92 km during the time of our attention, which is larger than that in previous reports. Sum and difference interactions between the 16-day wave and the diurnal tide are observed to have rather different intensities. Because sum nonlinear interaction is very intense, the secondary sum wave with a period of 22.59 h is stronger than the diurnal tide. However, weak spectrum of the secondary difference wave is hardly identified. The beat of the diurnal tide with the secondary sum wave leads to substantial modulation of the diurnal tide at a period of 16 days. Moreover, this strong secondary sum wave further interacts with the 16-day wave to generate a new secondary wave with a period of 21.33 h. Such an interaction may be also regarded as a third-order nonlinear interaction between the 16-day wave and the diurnal tide with two-step interaction. Hence, the third-order nonlinear interaction between planetary waves and tides may occur significantly in the MLT region.
Introduction
Atmospheric waves, including tidal, planetary and gravity waves, play important roles in determining large-scale circulation and thermal structure of the mesosphere and lower thermosphere (MLT) because these waves transport energy and momentum from one atmospheric layer to another, leading to global redistribution of atmospheric energy and momentum and coupling among various atmospheric layers. As the atmospheric density decreases, amplitudes of atmospheric waves propagating into the MLT increase, and then many complex nonlinear processes of waves may occur in the MLT region, for example, nonlinear coupling between waves and background flow (Dickinson, 1969; Hartmann et al., 1984; Miyahara et al., 1993; Huang et al., 2010) , nonlinear interactions among tidal, planetary and gravity waves (Fritts and Vincent, 1987; Stenflo, 1994; Nakamura et al., 1997; Jacobi et al., , 2006 Liu and Hagan, 1998; Beard et al., 1999; Pancheva, 2000 Pancheva, , 2006 Pancheva et al., 2000a, b; Liu et al., 2008; Stenflo and Shukla, 2009; Huang et al., 2009 Huang et al., , 2013a , and breaking due to their amplitudes exceeding the instability thresholds (Lindzen, 1981; Leovy et al., 1985; Polvani and Saravanan, 2000; Xu et al., 2006) . Hence, the activities of these waves dominate the local dynamics of the MLT region.
Planetary waves are global scale oscillation. Theoretical work indicates that planetary waves observed in the MLT region correspond to a series of classical westward propagating Rossby normal modes (s, n − s) (s is the zonal wavenumber and n is the meridional index) with periods of about 2, 5, 10 and 16 days derived from Laplace's tidal equation under an isothermal atmosphere (Salby, 1981 (Salby, , 1984 . In a realistic atmosphere, periods of these normal modes may be modified due to Doppler shifting by background wind fields. Planetary waves are generally driven by flow over orography and differential heating between land and sea. Because wave propagation in the vertical direction depends on their intrinsic phase velocity (Charney and Drazin, 1961) , planetary waves originating from the lower atmosphere may propagate upward to the MLT region under certain atmospheric conditions (Dickinson, 1968) .
The 16-day wave is identified with the second symmetric s = 1 normal mode (1, 3) (Salby, 1981 (Salby, , 1984 . The climatology of the 16-day wave has been extensively revealed in wind, temperature and geopotential height by ground-based and satellite-borne measurements (Forbes and Leveroni, 1992; Williams and Avery, 1992; Espy and Witt, 1996; Espy et al., 1997; Mitchell et al., 1999; Luo et al., 2000 Luo et al., , 2002a Namboothiri et al., 2002; Jiang et al., 2005; Lima et al., 2006; Day and Mitchell, 2010; McDonald et al., 2011) . Since the 16-day wave has a small phase speed, its vertical propagation is strongly dependent on the background flow. It can be trapped by the strong westward flow in the summer stratosphere, but can propagate into the MLT region through weak eastward wind in late winter or early spring (Forbes et al., 1995; Miyoshi, 1999; Luo et al., 2002a, b; Namboothiri et al., 2002) . Hence, the 16-day wave is prominent in the MLT region from October to April. Its zonal wind amplitude in winter can exceed 10 m s −1 , and is larger than the meridional one on average. However, it is often observed that its meridional component is stronger than the zonal one (Luo et al., 2002a, b; Namboothiri et al., 2002; Day and Mitchell, 2010) . In the mesopause region, the 16-day wave usually shows a rather long vertical wavelength or a standing wave structure with slow or no obvious phase variation with height (Luo et al., 2002a, b; Namboothiri et al., 2002; Jiang et al., 2005; Lima et al., 2006; McDonald et al., 2011) . The observed summer 16-day wave is suggested to be ducted to the summer hemisphere from the winter hemisphere along eastward wind fields, or is locally generated in the MLT due to dissipation of gravity waves modulated by the 16-day wave in the lower atmosphere (Forbes et al., 1995; Miyoshi, 1999) .
Atmospheric tides are global scale perturbations with periods that are harmonics of a solar day. Main excitation sources of tides are absorption of solar radiation and latent heat release in the troposphere and stratosphere. Migrating tides are a subset of tides propagating westward synchronously with the Sun, of which the migrating diurnal (s = −1) and semidiurnal (s = −2) tides are the most prominent tidal components in the MLT region (Liu et al., 2004; Li et al., 2009; Xu et al., 2009; Lu et al., 2011; Jacobi, 2012) . Tides in the MLT region exhibit substantial seasonal variability in amplitude and phase, which is attributed to solar heating and background wind fields (McLandress, 2002) . Besides, it is regularly observed that the tidal amplitudes are modulated at periods of planetary wave. Nonlinear interaction between planetary waves and tides is regarded as important mechanisms responsible for this modulated variability of tides (Kamalabadi et al., 1997; Jacobi et al., 2001; Beard et al., 1999; Pancheva, 2000 Pancheva, , 2006 Pancheva et al., 2000b Pancheva et al., , 2002 Zhou et al., 2000; Pancheva and Mitchell, 2004; Liu et al., 2007; Kumar et al., 2008; Huang et al., 2012) . In nonlinear processes, interacting tidal and planetary waves can generate two secondary waves whose frequencies and wave numbers are the sum and difference of those of the primary waves, and then these secondary waves beat tide to cause tidal modulation at a period of planetary waves (Teitelbaum and Vial, 1991) .
Nonlinear interaction between planetary waves and tides has attracted close attention. It can be noted that previous studies mainly focused on nonlinear interactions of the quasi 2-day wave with the diurnal and semidiurnal tides based on observations and models (e.g., Harris and Vincent, 1993; Walterscheid and Vincent, 1996; Kamalabadi et al., 1997; Thayaparan et al., 1997; Jacobi et al., 2001; Beard et al., 1999; Norton and Thuburn, 1999; Palo et al., 1999 Palo et al., , 2007 Pancheva, 2000 Pancheva, , 2006 Pancheva et al., 2000b Pancheva et al., , 2002 Zhou et al., 2000; Gurubaran et al., 2001; Pancheva and Mitchell, 2004; Liu et al., 2007; Kumar et al., 2008; Hecht et al., 2010; McCormack et al., 2010; Babu et al., 2011; Chang et al., 2011; Yue et al., 2012; Huang et al., 2013b) . Relative to the extensive studies of interaction of the quasi 2-day wave and tides, nonlinear interaction of the 16-day wave with tides has drawn little attention, possibly due to the requirement of long temporal coverage of observational data. By using zonal and meridional winds observed by radar at the middle and high latitudes in two hemispheres, Pancheva (2000) and Pancheva et al. (2002) demonstrated that there was considerable modulation of amplitudes of the semidiurnal tide at periods of planetary waves, particularly evident at 10-and 16-day periods. Their analysis also indicates that the nonlinear interaction between the semidiurnal tide and the 16-day wave was much stronger than those between the diurnal tide and the 16-day wave. Pancheva and Mitchell (2004) studied the interaction of the semidiurnal tide with the 5-, 10-and 16-day waves in detail, proving the validity of frequency, phase, and vertical wavenumber relationships between the primary waves (the semidiurnal tide and the planetary waves) and secondary waves based on meteor radar observations over Esrange (68 • N, 21 • E). In addition, the quasi 2-day wave in summer is often found to be modulated by the 16-day wave in the MLT region, and bispectrum analysis shows nonlinear interaction between the quasi 2-day and 16-day waves responsible for this periodic variability of the quasi 2-day wave Pancheva et al., 2000a) .
In this paper, we present an interaction event of the 16-day wave and the diurnal tide based on Maui meteor radar observations at the low latitude (20.8 • N). Huang et al. (2013a) have confirmed that the third-order nonlinear interaction of atmospheric gravity waves can take place effectively in the MLT region. In this strong interaction event, we will reveal a significant cascade of nonlinear interactions between the 16-day wave and the diurnal tide, which may also be regarded as a third-order nonlinear interaction with a two-step interaction (Phillips, 1960) . In the next section, a brief description of meteor radar and observational data is provided. The characteristics of the 16-day wave are analyzed in Sect. 3. In Sect. 4, nonlinear interaction between the 16-day wave and the diurnal tide is discussed. Section 5 presents tidal modulation derived from beat frequency due to linear superposition of the diurnal tide and the secondary wave. Finally, the summary is given in Sect. 6.
Meteor radar observation
The Maui meteor radar is located in Kihei on Maui, Hawaii, at 20.8 • N, 156.4 • W. The system used an all-sky interferometric meteor radar (SKiYMET) (Hocking et al., 2001) operating at 40.92 MHz. The meteor trails were illuminated by a three-element Yagi antenna directed toward the zenith with an average transmitted power of approximately 170 W, which resulted from a 13.3 µs pulse length, 6 kW peak envelope power and a 466 µs interpulse period. The meteor trail reflections were detected by five three-element Yagi antennas oriented along two orthogonal baselines. A center antenna was at the intersection of the two orthogonal baselines, and four outer antennas were separated from the center antenna by 1.5 and 2.0 wavelengths. The receiving antennas were sampled every 13.3 µs, resulting in a 2 km range resolution. At each altitude, the meteors detected within a 4 km bin were used for the least square fit, but with a weight profile that is triangular with peak at the center altitude, and decreases to zero and ±2 km above and below. The hourly vertical profiles were oversampled at a 1 km height interval in the range from 80 to 100 km. The measurement errors are typically 3-4 m s −1 in the wind data. A detailed description of the meteor radar system and the horizontal wind calculation can be found in previous works (Franke et al., 2005; Lu et al., 2011) .
These wind data for the 32 days from 10 November to 11 December 2003 are used to investigate the nonlinear interaction between the 16-day wave and the diurnal tides in this study. The data gaps are few, and the maximum length of the data gaps is 4 h. The gaps are simply filled by linear interpolation. We pay attention to the diurnal tide and the 16-day wave with periods much larger than 4 h, thus the influence of interpolation on our results is small. Figure 1 shows the observed meridional (positive northward) wind at heights of 90-95 km for the 32 days from 10 November to 11 December 2003. 10 November is marked as day 1. During this period, the meridional wind attains the maximum magnitude of about 100 m s −1 , and shows intense wave ac- tivities with different time scales. A strong 16-day wave that lasts for 32 days can clearly be seen from the raw data.
16-day wave
In order to highlight the structure characteristic of the 16-day wave, a wavelet analysis is used to determine its dominant period and amplitude variation with time (Pancheva et al., 2000a) . The Morlet wavelet is applied because of its simplicity and resemblance to the wave packet. The Morlet wavelet consists of a plane wave modulated by a Gaussian envelope ψ(t) = π −1 / 4 e −j ω 0 (t−τ ) / s e −(t−τ ) 2 2s 2 , where τ is the time location of the localized transform and s is the scale factor that dilates or contracts the wavelet scale; ω 0 is the non-dimensional frequency, here taken to be 6, to satisfy the admissibility condition. By changing the scale s and moving along the time, the local amplitudes of oscillations at selected periods are calculated. Figure 2 shows the 16-day wave structure in the meridional wind derived from the wavelet analysis. It can be noted that the dominant oscillation period is 16 days during 32 days. The maximum amplitude slightly increases from 16.5 m s −1 at 90 km to 18.0 m s −1 at 92 km, and then decreases to 14.5 m s −1 at 95 km. Relative to the amplitudes of 5-15 m s −1 from radar observations during many years in previous reports (Luo et al., 2002a, b; Namboothiri et al., 2002; Lima et al., 2006; Day and Mitchell, 2010) , such amplitude values are large, indicating that this 16-day wave is robust. A similar analysis of the zonal wind (not presented) shows that the zonal wind amplitude, with values of several m s −1 , is much weaker than the meridional one. This phenomenon is also found at times, although the meridional component is weaker than the zonal one on average (Luo et al., 2002a, b; Namboothiri et al., 2002; Jiang et al, 2005) . One can observe that the 16-day wave has an almost constant phase with height variation. This means a very long vertical wavelength, which is consistent with previous studies (Luo et al., 2002a, b; Namboothiri et al., 2002; McDonald et al., 2011) . The zonal wavenumber of the 16-day wave cannot be deduced from the observations at a single station. The TIMED/SABER temperature observations are used to compute the frequency-wavenumber spectrum, and the method of the spectral analysis is described in detail by Salby (1982a, b) . Here, the TIMED/SABER temperature data in the zone of 18.8-22.8 • N from 2 November to 19 December 2003 is used to calculate the zonal wavenumber of the 16-day wave. Figure 3 shows the normalized frequencywavenumber spectrum with the corresponding period longer than 12.5 days at 90 km. In Fig. 3 , the negative and positive frequencies denote the westward and eastward propagations, respectively. Hence, there is a westward propagating 16-day component with a zonal wavenumber s = 1 in the temperature observations. The result is in good agreement with the theoretical prediction and previous observations of wind and temperature (Salby, 1981 (Salby, , 1984 Williams and Avery, 1992; Forbes et al., 1995; Espy et al., 1997) . Figure 4 shows the 16-day running averaged zonal wind with 1-day increment starting on 2 November 2003. The time at the center of the window is denoted as the time of the running average. The background wind after day 28 cannot be obtained because of missing data for several days. Considering that a 16-day smoothing can roughly suppress the 16-day wave, the diurnal and the semidiurnal tides, the averaged wind may approximately be regarded as the background zonal wind. Because the amplitude of the 16-day wave can vary with time, this smoothing cannot completely suppress the 16-day wave. Hence, the background wind still shows a slight 16-day oscillation; however, the influence of this small oscillation on the background wind is very weak. It can be seen that the background zonal winds show an approximately linear increase with time, but a decreased tendency with altitude. The velocity of the background wind at 90 km grows from 2.3 m s −1 on day 1 up to 20.6 m s −1 on day 28. The background wind decreases with increasing altitude. It reverses to be westward at 93 km, and reaches −8.3 m s −1 at 95 km. At Maui latitude of 20.8 • N, the westward phase speed of the 16-day wave is calculated to be 27.2 m s −1 . Hence, the background flow at these heights is appropriate for the propagation of the 16-day wave, which is in agreement with the results of the theoretical and previous observational studies (Charney and Drazin, 1961; Luo et al., 2002a, b; Namboothiri et al., 2002) . The reverse of the background zonal wind at 93 km may be a possible reason for the wave amplitude decrease starting at 93 km.
Nonlinear interaction with diurnal tide
This nonlinear interaction is first examined via their spectra. We make a discrete Fourier transform (DFT) on the meridional wind at the heights of 90-95 km, and the frequency spectra are shown in Fig. 5 . There are four strong spectral components with confidence level larger than 95 %, which correspond to periods of 16 days, 24, 22.59 and 12 h. According to the theory of tidal interaction with planetary waves proposed by Teitelbaum and Vial (1991) , when the 16-day wave interacts with the diurnal tide, the secondary sum and difference waves have periods of 22.59 and 25.6 h. Fig. 5 shows that the secondary sum wave with a period of 22.59 h is rather strong, but the secondary difference wave corresponding to the period of 25.6 h is quite weak, and its weak spectral peak appears only at heights of 90-92 km. In addition, an interesting phenomenon can be observed from Fig. 5 . Above 93 km, the spectral magnitude of the 22.59 h wave is obviously stronger than that of the diurnal tide, and a new spectral component with a period of 21.33 h appears and can reach a confidence level of 85 % at 94 and 95 km. It is noted that the frequency of the 21.33 h wave equals the sum of those of the 22.59-h and the 16-day waves. Hence, the strong 22.59-h wave generated through the nonlinear interaction between the 16-day wave and the diurnal tide further interacted with the 16-day wave to excite the 21.33-h wave. This is also regarded as a third-order interaction of the 16-day wave with the diurnal tide with a two-step interaction (Phillips, 1960; Rüster, 1994; Huang et al., 2013a) . A similar two-step interaction between the quasi 2-day wave and tides proposed by Walterscheid and Vincent (1996) was used to account for the rapid amplification and phase locking of the quasi 2-day wave observed in the Southern Hemisphere. The evidence for this coupling in observational and assimilated data was found (Pancheva, 2006; McCormack et al., 2010) , and nonmigrating diurnal s = −6 tide created in the first-step interaction was identified in modeling studies (Palo et al., 1999; Chang et al., 2011) . Therefore, in this event, the substantial interactions between the 16-day wave and the diurnal tide took place not only at the second order, but also the third order. One can see from Fig. 5 that there is no significant sum and difference spectrum peak of the 16-day wave and the semidiurnal tide. Hence, we do not observe the interaction between the 2044 K. M . Huang et al.: A nonlinear interaction event between a 16-day wave and a diurnal tide 16-day wave and the semidiurnal tide. This event is different from the frequently observed results in that the interaction of the 16-day wave with the semidiurnal tide was much stronger than those with the diurnal tide (Pancheva et al., 2000b (Pancheva et al., , 2002 Pancheva and Mitchell, 2004) .
The bispectrum analysis is extensively applied to detecting the wave-wave nonlinear interaction since it reveals the phase information of the spectra (Kim and Powers, 1979) . A strong bispectral amplitude indicates the quadratic phase coupling arising from the wave-wave interaction. Because of the 16-day wave involved in the analyzed spectra, we extend the 32-day meridional wind data by 4 days backward and forward, respectively, and divide the 40-day wind data into 65 segments by a 32-day sliding window with a 3-h shifting step. The bispectrum of each segment is calculated, and the contribution of spontaneously excited modes to the calculated bispectrum is eliminated by averaging these bispectrum estimates across all 65 segments. The averaged bispectrum is normalized by the maximum spectral magnitude, leading to relative bispectrum amplitude between 0 and 1. Figure 6 shows the normalized bispectra in the height range from 90 to 95 km. We use the frequencies (ω i , ω j , ω i+j ) of the interacting wave triad to denote the bispectral peak, where ω i and ω j are the spectral components marked in the horizontal and vertical axes in Fig. 6 , and ω i +ω j = ω i+j . Notice that the wave with frequency ω i+j represents a generated wave in the sum interaction, but a primary wave in the difference interaction. At the heights of 90-95 km, the strongest bispectrum is at (1.0, 0.0625, 1.0625) cpd, which shows a strong nonlinear interaction among the diurnal tide and the 16-day and 22.59-h waves. A weak peak at (0.9375, 0.0625, 1.0) cpd appears only at 90-93 km, indicating a weak difference interaction between the 16-day wave and the diurnal tide. Hence, the bispectral results confirm the nonlinear sum and difference interactions between the 16-day wave and the diurnal tide with different magnitudes.
In Fig. 6 , a bispectrum speak at (1.0625, 0.0625, 1.125) cpd appears at 92 km, and increases to a considerable level at 95 km, which suggests that the 21.33-h wave is produced through the sum interaction between the 16-day wave and the 22.59-h wave. The excitation of the 22.59-h wave through the sum interaction between the 16-day wave and the diurnal tide demonstrates that this is indeed a two-step, third-order interaction.
When the 16-day wave interacts with the diurnal tide, the frequencies of both the secondary sum and difference waves are quite close to the frequency of the diurnal tide because relative to the diurnal tide, the 16-day wave has a very low frequency. The linear superposition of the secondary waves and the diurnal tide leads to the modulation of the tidal amplitude at period of 16 days due to their beat frequency (Teitelbaum and Vial, 1991) . Here, we extract the diurnal tide from the 32-day meridional wind using band-pass filtering with high and low cut-off frequencies corresponding to periods at 21.33 and 27.43 h. Figure 7 shows the filtered perturbations. As we expected, the amplitude of the diurnal tide is intensely modulated at the 16-day period.
In addition, there is the other strong peak at (1.0, 1.0, 2.0) cpd, which could result from the possible nonlinear interaction between the diurnal and semidiurnal tides, and may also be attributed to the phase consistency due to their common forcing.
Summary
A strong nonlinear interaction between the 16-day wave and the diurnal tide is studied based on Maui meteor radar observations during the period from 10 November to 11 December 2003 . The observation shows that the activity of a strong 16-day wave with meridional amplitudes between 14.3 and 18.5 m s −1 at heights of 90-95 km lasts for 32 days. The phase of the 16-day wave propagates downward slowly, and its amplitude increases in the weak eastward background zonal wind but decreases in the weak westward zonal flow, which is consistent with the theoretical and previous observational studies.
The sum and difference interactions between the 16-day wave and the diurnal tide with different intensities are observed. The sum nonlinear interaction is quite strong, and the spectral strength of the secondary sum wave with a period of 22.59 h is larger than that of the diurnal tide. However, the spectrum of the secondary difference wave is hardly identified. The secondary sum wave beats with the diurnal tide, which leads to the intense modulation of the diurnal tide at period of 16 days. It is interesting that the secondary sum wave further interacts with the 16-day wave to generate a new secondary sum wave with a period of 21.33 h. Such an interaction may be regarded as a third-order nonlinear interaction between the 16-day wave and the diurnal tide with two-step interaction. Huang et al. (2013a) studies the third-order nonlinear interaction of atmospheric gravity waves. The features of the third-order interaction for gravity waves, including energy transfer direction, energy exchange strength, and frequency and wavenumber relationships among the interacting waves, are revealed, and the two kinds of third-order nonlinear interactions of gravity waves are clarified. Since the third-order interaction between the 16-day wave and the diurnal tide occurred in this event, the third-order nonlinear interaction of atmospheric waves may arise significantly in the MLT region. However, because it is difficult to accurately separate the diurnal tide and the generated waves from the observational wind owing to their close frequencies, we cannot discuss more properties of the second-and third-order interactions between the 16-day wave and the diurnal tide in detail. The nonlinear interactions between planetary waves and tides are still in need of further investigation through observations and models in the future.
